The rate of ice formation was meaored for Hedera helir L. cv. Thorndale (English ivy) bark exposed to -10 C. The cooling rate of bark exposed to -10 C was 31 C per minute. The water effiux rate required for ice formation to occur extraceularly was calculated from the rate of ice formation and the average cell diameter. (to KNO3, urea, and H2O) paralleled seasonal changes in frost hardiness (10). The hypothesis provided an explanation for the observation that lethal intracellular ice formation occurred in nonacclimated plant tissue at a slower freezing rate than in cold-acclimated plant tissue (20) .
In 1936 Scarth (18) hypothesized that plant cold hardiness is related to membrane water permeability. He suggested that membrane water permeability increases with cold hardiness and that hardy permeable cells permit rapid escape of water to extracellular sites of ice nucleation, thus preventing intracellular ice nucleation. Scarth's hypothesis was based on results indicat- ing that membrane permeability (to KNO3, urea, and H2O) paralleled seasonal changes in frost hardiness (10) . The hypothesis provided an explanation for the observation that lethal intracellular ice formation occurred in nonacclimated plant tissue at a slower freezing rate than in cold-acclimated plant tissue (20) .
Other experiments have failed to detect a correlation between cold hardiness and membrane water permeability. Sukumaran and Weiser (25) found no difference between the water permeability of cold-acclimated and nonacclimated potato leaf cells.
McKenzie et al. (13) found that the diffusional water permeability of dogwood cortex cells increased during the photoperiodically controlled increase of cold hardiness (hardiness range from -3 to -12 C), but failed to change further as the cortex tissue cold hardiness increased to -65 C.
It seems well established that "fast" freezing rate injury is caused by intracellular ice formation (9, 12, 20) . The magnitude of a fast freezing rate depends upon the particular cell type (12) . For example, intracellular ice formation in red blood cells does not occur until the freezing rate exceeds 5,000 C/min (12) . In contrast, red beet roots have to be frozen at rates less than 0.2 C/ hr to prevent cell injury due to intracellular ice formation (4) . The cause of intracellular ice nucleation under fast freezing conditions may be limited water efflux through the cell membranes as originally proposed by Scarth (18) ; however, there are other potential causes of intracellular ice nucleation. For example, intracellular ice nucleation may be due to surface effects related to the proximity of solid substances, presence of cryophylactic agents, cell geometry, increased concentration of intracellular solutes, the presence of intracellular nucleation sites, or physiochemical properties of the plasmalemma prior to freezing (2) .
The present study was designed to determine if membrane water permeability changes during cold acclimation (10, 13) are associated with avoidance of intracellular ice formation at natural freezing rates. Attempts to correlate water permeability with frost hardiness (10, 13, 25) can at best only imply a relationship. In this study the resistance of the barrier to water movement from inside the cell to sites of extracellular ice formation was estimated. The resistance of this barrier to water movement would be a function of membrane resistance and extracellular resistance. The importance of membrane resistance in controlling water movement was then evaluated by comparing the known membrane resistance (24) (16) . The freezing point of cold-acclimated bark was lower than the freezing point of nonacclimated bark (osmotic potentials, Table II ). Cold-acclimated ivy bark would be expected to have a lower freezing point than nonacclimated ivy bark at least in part because of the known increased content of soluble sugars in ivy leaves and stems resulting from cold acclimation (23) . A lower freezing point for cold-acclimated bark could also be due in part to the lower per cent moisture of coldacclimated bark (70%) compared to that of nonacclimated bark (76%). Thus, the different rate of ice formation between coldacclimated and nonacclimated bark may be partially explained by a difference in the freezing point of the cellular solutions.
Membranes of cells in nonacclimated bark may be more easily disrupted than membranes of cells in cold-acclimated bark so that intracellular ice nucleation occurs more easily in nonacclimated bark (15). To test this possibility, bark cells were killed by freezing in liquid N2, allowed to warm to room temperature, and the rate of ice formation was measured when dead bark was exposed to -10 C. The rate of ice formation in dead coldacclimated bark was faster than in living cold-acclimated bark (Table I) . Thus, intact membranes influence the rate of ice formation. This would be expected since intact membranes can act as barriers to ice growth (12) thus preventing nucleation of intracellular water. Salcheva and Samygin (17) observed microscopically that ice forms more readily in prekilled cells than in living cells. The rate of ice formation in dead cold-acclimated bark was slower than in dead nonacclimated bark (Table I) indicating that the freezing properties of dead cold-acclimated and dead nonacclimated bark was different. Since dead bark possesses disrupted membranes, this difference is not related to a membrane effect. The increased freezing rate in dead bark as compared to living bark could be due to killing, exposing nucleating sites.
Further work would be necessary to interpret the significance of the different rates of ice formation between cold-acclimated Figure 1 . Nonacclimated and cold-acclimated bark showed similar temperature profiles when exposed to -10 C. Thus, the same temperature data were used in calculations for both types of bark. Calculation of Water Flux. Flux is defined as the quantity of water moving through a unit area of cell surface in a unit of time. If the volume (V) of water flowing is measured in cm3, the membrane area (A) in cm2, and the time in sec, flux will have units of cm sec-1. Water flux from ivy bark can therefore be calculated assuming that the cells are spherical with an average radius (r) of 18 ,um and that a volume of water equal to one-half the cell volume moves out of the cell during one half-time. Calculating flux in this way requires that the PMR signal from the tissue water arises predominantly from intracellular water. The extracellular space of plant tissues, composed primarily of cortex cells, represents about 10% of the tissue volume (26) .
One-half of this extracellular space is air-filled and the other one-half is aqueous. Thus, it can be calculated that intracellular water would represent about 95% of the total tissue water. Therefore, little error will arise from assuming that the PMR signal being observed arises from intracellular water. The flux will be overestimated when calculated by assuming that the total cell volume is water, since part of the cell volume consists of dry matter. However, if it can be shown that membrane permeability is not limiting the overestimated water flux, then clearly membrane permeability will not be limiting the actual water flux.
The water flux was calculated using the relationship Flux = (V/2)/(At112) = r/(6t1,2)
for both cold-acclimated and nonacclimated bark (Table II) . These calculated water fluxes are those required to permit the rate of ice formation observed. It seems valid to make this assumption for cold-acclimated bark but may not be valid for nonacclimated bark because the membranes of nonacclimated bark may be expected to be disrupted by low temperature injury, since they were frozen to a temperature below their killing point.
Calculation of Driving Force (A*). Twenty sec after ice formation began, the rate of ice formation was approximately constant for 3 min (Fig. 1) . Twenty sec after ice nucleation, the temperature of the bark was near the freezing point (Fig. 1) . Due to the high thermal conductivity of water, hydrated tissue will be at an isothermal temperature during freezing (11) . To demonstrate the calculations involved in estimating the driving force, an example using nonacclimated bark is given. If it can be established that membranes limit water flux in nonacclimated bark, the importance of altered water permeability during cold acclimation to cell survival can be established. The vapor pressure (P) of ice at -4.5 C is 3.144 mm and the P of supercooled water at -4.5 C is 3.284 mm (7) . Because intracellular water is not pure water, the P of the intracellular water will be less than the value 3.284 mm. From the water potential measurement (Table II) water movement resulting from a A, is diffusional, the osmotic water permeability coefficient (Po.) can be calculated from these hydraulic conductivity coefficients using Lp = (PuaVw)IRT (14) .
The osmotic water permeability coefficients were calculated using this relationship (Table III) . These (3) . Comparison of the membrane permeability estimated to exist at -4.5 C to the permeability of the total barrier (Table III) indicated that the membrane was approximately 200 times more permeable than the total barrier to water flux during freezing. It seems unlikely that a membrane phase change could alter water permeability sufficiently for Pd of the membrane to become comparable to Po, of the total barrier.
Ice formation in plants is often reported to occur at preferred sites (8, 15) so that some cells are quite distant from regions of ice nucleation. This suggests that the barrier to water flux consists of the cell membrane plus a region of the extracellular space between the cell surface and the sites of ice nucleation. The distance between cell surfaces and ice cannot be too great, however, when it is considered that tissue volume decreases on freezing (9) and that the extracellular air spaces that allow for this decrease represent only about 5% of the tissue volume (26) . If this is true, then as the protoplasts dehydrate, ice crystals must grow into the space once occupied by the hydrated protoplasts.
In support of this conclusion it has been observed microscopically that ice can form between the protoplast and cell wall (8) .
The extracellular space resistance to water movement may not be large if the distance is not large, since the resistance to water movement is proportional to the distance it must move. The resistance of the extracellular air space to water vapor diffusion is 0.04 to 0.4 sec cm-1 (14) . Since the diffusion constant for water vapor (DWV) is 0.262 cm2 sec-I at 0 C (21) the diffusion path length (Ad) represented by a resistance (R) of 0.4 sec cm-' can be evaluated using, Ad = RDw,, to be 1048 ,um at 0 C. The average diameter of an ivy bark cell is 36 Am so that a diffusion path length of 1048 ,um corresponds to approximately 29 cells. A diffusion path length equivalent to 29 cells should accommodate ice formation at preferred sites such as near vascular bundles (8) .
The resistance of the cell membrane can be calculated by taking the reciprocal of the diffusional water permeability coefficient (6) . The resistance of ivy membranes to water diffusion was found to be approximately 67 sec cm-' (reciprocal of 1.5 x 10-2 cm sec-1). Using this value for the cell membrane resistance and a value of 0.4 sec cm-1 for the extracellular air space resistance, a total resistance to water diffusion of 67.4 sec cm-1 was found.
The resistance (11Po,) of the barrier to ice formation, calculated from the measured flux rate and calculated AV was 14,500 sec cm-' for nonacclimated bark (Table III) . Thus, movement of water from inside the cell to sites of extracellular ice formation does not appear to be controlled by the rate of water diffusion through either the membrane or the extracellular air space.
Ice formation is known to occur in the extracellular space between cells (20) and occasionally between cell walls (8) so that water may have to move through hydrated cell walls to reach sites of ice nucleation. The resistance (R) to diffusion through hydrated cell walls can be estimated using the relationship R = Ad/D, where Ad is the thickness of the cell wall and D is the diffusion constant of liquid water. If it is assumed that the cell wall is 0.5 ,um thick (probably an overestimate) and D equals 10-5 cm2 sec-' (that of supercooled water at -4.5 C [5] ) a value for the wall resistance of 5 sec cm-' is calculated. Thus, the observed resistance to ice formation cannot be attributed to diffusion of water through one or two cell walls. The likelihood that water from the protoplast has to diffuse along cell walls to the sites of ice nucleation can be evaluated as follows. Assuming a diffusion path length of 1048 jum, as previously discussed, a resistance of 10,480 sec cm-1 is calculated. A resistance of 10,480 sec cm-1 could account for the observed resistance to freezing (Table III) . However, since the resistance to diffusion through the vapor phase is only 0.4 sec cm-' for a path length of 1048 ;im we concluded that most of the extracellular water movement would occur through the vapor phase and not along cell walls.
The apparent constant flux rate observed (Fig. 1) (Table III) . This resistance of 8,300 sec cm-1 can be attributed to the ability of the system to remove heat from the sample. Therefore, even at a freezing rate as high as 31 C/min the ability to remove heat and not the cell membrane is predominantly controlling water flux and ice formation. The resistance difference, 14,428 -8,300 = 6,128 sec cm-,, may be at least partly due to a lower conductivity from the bark as compared to from the MnCl2 solution. This is because the pieces of bark were separated by air which would decrease heat conductance.
Qualitatively it is easily visualized that the magnitude of the resistance related to heat removal would decrease with increasing freezing rate. As this resistance related to heat removal becomes small at fast freezing rates the major control of water efflux may well become the cell membrane. Thus at fast freezing rates, increased membrane water permeability may favor survival. However, since freezing in nature generally occurs at 1 to 2 C/hr or less (9) membrane water permeability would represent an insignificant part of the total resistance barrier. For example, in the present experiment where the freezing rate (31 C/min) was high compared to that occurring in nature, membrane resistance to water only represented 0.5% of the total barrier resistance. Based on these considerations it is inconceivable that changes in membrane water permeability, when they occur during cold acclimation, are directly related to avoidance of intracellular ice formation as has been extensively suggested in the literature.
Another potential source of resistance that would be included in the unexplained resistance of 6,128 sec cm-' would be the inhibitors described by Olien (15) which affect the rate of ice formation. Olien (15) found that cell wall polymers (mainly polysaccharides) extracted from hardy winter cereals acted as competetive inhibitors of ice formation. If inhibitors that effect the rate of ice formation are formed during cold acclimation they will increase the extracellular resistance so that acclimated cells will experience the same water flux rate as nonacclimated cells only when frozen more rapidly. Thus, the observation that acclimated cells survive faster freezing rates than nonacclimated cells (20) could be explained by increased content of inhibitors in the extracellular space instead of by increased membrane water permeability.
The different t12 for living and dead bark (Table I ) cannot be explained by the difference in resistance to water diffusion of the cell membrane. For example, the difference in resistance to freezing between living and dead cold-acclimated bark was 3,900 sec cm-1 (Table III) which is much greater than the estimated resistance of the membrane, which was 67 sec cm-'. The effect of killing the cells on ice formation is probably related to the intact membranes inhibiting the propagation of ice crystals and not to the membrane limiting water efflux.
It is concluded that if intracellular ice formation occurs in ivy bark under natural freezing conditions it is not due to limited membrane water permeability. Because heat removal at a freezing rate of 31 C/min, a faster rate that normally experienced in nature, is largely controlling the rate of ice formation, it suggests that water can move out of the cell and prevent supercooling. If supercooling does not occur the probability of intracellular ice nucleation is low (12) . It is possible that the important changes that occur during cold acclimation allowing the cell to tolerate freezing are related to the development of increased tolerance of cell dehydration (9) and not to an increased ability to avoid intracellular ice formation. Since cell membranes are generally considered to be the primary site of freezing injury, cold acclimation may result in changes that stabilize cell membranes to freezing stresses (22) . The ability of Ca2+ to alter ivy plasmalemma water permeability is changed during cold acclimation (24) , indicating that the functional properties of cold-acclimated and nonacclimated ivy plasmalemma are different. The altered membrane water permeability reported to occur during cold acclimation (10, 13) is probably a result of such plasmalemma changes, but not of direct importance in avoiding intracellular ice formation under natural freezing conditions.
